Abstract-This paper shows the ability to use a continuous wave (CW) radar as an instrument to search for trapped alive persons in demolished buildings and ruins. The utilized operation principle is the detection of the Doppler frequency shift of the E/M wave when it is reflected by a slightly moving part of a living human body. The presented system has gone through several prototype development phases. Many parameters and alternative implementations have been tested in both real and simulated sites. A system analysis is carried out and presented followed by a presentation of the signal processing techniques. The inherent difficulties for the realization and practical exploitation of such a system are discussed. Results from tests of the system are also presented.
INTRODUCTION
It is very important to maximize the chances of detecting trapped persons in collapsed buildings, in a short time following a disastrous earthquake. Disaster situations also demands that the location of the trapped person be determined as precisely as possible, to assist rescue teams.
In past years, several researchers have suggested the use of CW Doppler radar to detect trapped living persons within collapsed buildings [1, 2] . However real world experience with such radars is rather limited. An early prototype version of the system presented in this article was used to assist rescue teams in the 7th September 1999 earthquake in Athens. The experience gathered in tests showed that both the enhancement of the penetration depth and the improvement in spatial resolution are required to increase the performance of life detector systems. Additionally it was made clear that the performance of the system would greatly benefit from the utilization of any advanced signal processing and visualization techniques.
A prototype Life Detector radar has been developed [3] , in the Microwave and Fiber Optics Laboratory of the National Technical University of Athens, Greece (MFOL/NTUA). The result is a functional system named SOZON (meaning "saver" in Greek). Since 2001 experiments have been conducted with a triple frequency radar named SOZON II (P, S and X bands). Actually this new system consists of three similar RF transceivers, each one operated in a different frequency band. All share a common user interface. The various wavelengths offer different characteristics regarding penetration depth and sensitivity to slight motions.
As a result of the experience gathered from the test measurements carried out the last two years, the latest version of this radar system has been designed and reconstructed, using only a single frequency of 2.45 GHz, which was considered to be the most appropriate for such an application.
The operation principle of the radar system and some fundamental on Electromagnetic and Radar theory, parallel to some experimental measurements, are presented in Sections 2 and 3 respectively. The Signal Processing procedures used to detect trapped humans is presented in Section 4. In Section 5 a system description of the three-band detector is given, followed by experimental results in Section 6. The system description of the latest prototype, SOZON III, is presented in Section 7 and experimental results from this new system in Section 8. Sections 9 and 10 discuss the overall performance of the system and derive conclusions for the efficiency of the present system, and possible future improvements.
OPERATION PRINCIPLE
Even when a human person is unconscious, the interior organs of his/her body are in constant oscillatory motion. When a Continuous Wave (CW) electromagnetic signal of frequency f 0 hits a moving object (in present case the heart or the moving chest of the trapped person) the frequency of the scattered signal undergoes a Doppler frequency shift f d , which is proportional to the relative radial velocity, v r , of the object with respect to the transmitter following the law, and is computed by using the following relation:
where c denotes the speed of light in the propagation medium. In order to simplify the analysis the targeted human body is assumed to execute a sinusoidal oscillation having cyclic frequency Ω. Thus, the radial velocity can be described as:
Consequently, the Doppler frequency shift is:
This indicates that f d shows a fluctuating behavior but with a constant period. Thus, the returned signal at the receiver has frequency f 0 + f d , and the down converted signal at the baseband part of the receiver has the form:
or equally:
Experiments have shown that the spectrum of this waveform has a fundamental component between 0.5 and 5 Hz in case of humans. This fact is exploited as detection criterion.
PENETRATION DEPTH OF E/M WAVES IN MATERIAL MEDIA
In operating the three-band Life Detector Radar, the most critical parameter is the signal penetration depth. A review study of the electromagnetic theory was carried out [4] , parallel to the experimental results obtained in test measurements [5] . The most difficult material of buildings for an electromagnetic wave to penetrate is iron loaded concrete. The case of metallic structures is not considered since penetration of electromagnetic waves is impossible. This result was derived from the experience of the initial use of the system.
It is well known that the penetration depth in a lossy half space can be computed by using Equation (6) [4] :
where σ denotes the conductivity of the media (in our case mainly concrete), µ is the magnetic permeability and ε the dielectric permittivity of the material. It should be emphasized that (6) indicates the 1/ω dependence of penetration depth to frequency. Typical values of conductivity and relative permittivity for concrete are σ = 10 −3 − 10 −1 S/m and ε r = 6 − 12 respectively, mainly depending on the percentage of concrete humidity and the depth below surface [6, 7] . Moreover, several measurements concerning the measurement of attenuation (dB/cm) of E/M waves, considering concrete as the propagating media were conducted [5] . Indicative results for 10 GHz and 2.45 GHz frequencies are shown in Table 1 . Table 1 . Attenuation of waves in concrete (X/S band) based on experimental results.
Humidity 4% F=10 GHz → L=2.435dB/cm F=2,45GHz → L=0.6dB/cm Humidity 8% F=10 GHz → L=3.935dB/cm F=2,45GHz → L=0.98dB/cm
SIGNAL PROCESSING

General
The Life Detector System ends with a signal-processing unit and the user interface. The user interface is a Windows software application that displays the signal, the Fourier transform, and an indication of the received signal amplitude, as shown in Fig. 1 . The left graph is the time-domain signal, displaying time (in seconds) on the horizontal axis and voltage on the vertical. The right is the FFT, displaying frequency on the horizontal axis (in Hz) and squared magnitude on the vertical. Both graphs are scaled to the maximum value of the displayed function. There is also a display of detection criterion as defined in Section 4.3 at the right side of the FFT graph. Finally, a "history file" at the bottom side of the graphs for keeping the previous measurements is displayed. The interface allows the user to set the properties of the A/D converter, store and load a set of measurements and change several display attributes. Signal processing is embedded in this application and will be explained in detail in a later section.
Experimental observations show that the detected signals under real conditions are highly stochastic. It should be noted that the model of the radial velocity, as expressed in Eq. (2), is an oversimplified assumption. Neither the movement of the chest due to the body respiration process nor the heartbeat is sinusoid. Even for the sinusoid approximation though, parameters vary from person to Figure 1 . Screenshot of the user interface. Apart from the time domain signal and the FFT, there is also a display of the detection probability, as well as a "history file" at the bottom side of the graphs for keeping the previous measurements.
person. Additionally, they might change for a single person in different time instants. For example a frightened person might breathe faster, thus resulting in a greater frequency Ω. If the same person calms after a while, the value of Ω drops. Additionally the position of the body with respect to the incident wave plays an important role in the amplitude of the signal. If the movement that should be observed is perpendicular to the wave propagation vector, then the radial velocity vanishes.
Another factor that can greatly deteriorate the performance of the system is the propagation loss. The majority of the materials used in buildings are lossy materials that attenuate signals so much that it might be rendered indistinguishable from noise. Media made of bricks and wood are easy to penetrate by electromagnetic waves, in contrast to concrete which is much harder, as displayed in Section 3.
Yet, a site examination of demolished buildings indicates that it consists of alternating layers of concrete and other types of rubble (bricks and furniture). Trapped people may be located under several layers of concrete, making it difficult for the electromagnetic wave to reach them and then return back to the antenna. On the other hand, cracks on the concrete slabs or any sort of poor building structures might help the wave propagation through it.
Other factors also affect system operation: Even minor movements of the antenna can produce such a strong signal that renders all useful signals indistinguishable from artifacts. Radiation leakage due to antenna sidelobes or random reflections may produce false alarms.
This stochastic nature of the signals results in difficulty to derive an automatic detection criterion. It follows that the experience of the operator of the system plays a significant role in the decision for the existence of target. Therefore the user interface is critical.
Fourier Transform Signal Processing
Tests of the early prototype of the system utilized an oscilloscope to display the output waveform. The limitations and inconveniences of this device made clear the necessity for a more advanced display and signal-processing algorithm.
The radar presented in this article uses a portable computer showing, not only the time domain signal, but also the Fourier transform. This addressed some of the problems of the oscilloscope. Additionally the process for calculating the Fourier transform of the sampled data involves integration. This enhances the signal to noise ratio.
Experimental Detection Criterion
Fast Fourier Transform (FFT) [8] approach is used to estimate the spectral density of the signal. Decision about the existence of trapped humans is taken by a subroutine which calculates and displays the portion of the energy of the signal that lies between 0.5 and 5 Hz. Experience in field tests showed that observations of a constant frequency component in this frequency range is a strong indication for the existence of a living person under the ruins. The term "detection criterion value" in the results sections refers to the ratio of the baseband signal energy included in the bandwidth between 0.5 Hz and 5 Hz to the total signal energy, always measured in the same integration time. The term "detection probability" is also mentioned in the results. It provides the probability of correct decision about the existence or nonexistence of human, proportional to the total number of tests.
Later versions of the interface program include a graphical history of the Fourier transforms. This helps the operator to identify situations where a constant component at lower frequencies is present.
DESCRIPTION OF THE X-BAND (SOZON I) AND THE THREE-FREQUENCY RADAR SYSTEM (SOZON II)
The CW-Doppler radar is based on the principle of illuminating the moving body of the trapped person with a continuous wave signal and utilizing the frequency shift of the back-scattered signal [9] . The microwave, continuous wave CW signal, is generated by a Phase Locked Loop (PLL), filtered, amplified and finally transmitted by an antenna. The same PLL is also used as local oscillator in the receiver. A highly directive horn antenna of 26 dBi gain is employed in the higher frequency system (10.25 GHz) [10] . For the lower frequencies (2.45 GHz and 433 MHz) of the radar system, independent transmit/receive corner reflector antenna approach is employed to achieve the necessary isolation (higher than −50 dB) between transmitter and receiver for the P and S bands. For the higher frequency of 10.25 GHz the same horn antenna was considered efficient enough to be used.
The use of independent receive/transmit antennae with high isolation solved receiver saturation problems, due to reflection from the ground surface existing in the near-field of the antenna. In designing the 433 MHz and 2.45 GHz antennae, the HFSS-Agilent software package was used. In designing the 433 MHz and 2.45 GHz antennae, the HFSS-Agilent software package was used.
The block diagram of the radar systems operated at the lower frequencies is given in Fig. 2 . The difference from the 10.25 GHz system is that the latter uses a single antenna configuration with a microwave circulator. On the receiver side, a Low Noise Amplifier (LNA) following a microwave bandpass filter brings the signal to a power level that can be processed by the mixer. Since homodyne topology is employed, the mixers used are bipolar technology with low flicker noise, for better sensitivity. Due to the narrowband nature of the signal, the filters used in the baseband unit are implemented accordingly [9] . Digital processing is used to improve the signals.
The mixer output drives the baseband unit. The latter consists of an active, 4-pole, anti-aliasing lowpass filter with a cutoff frequency of 30 Hz, amplifiers and the A/D converter.
ADS and Momentum software packages from Agilent were used for designing the microwave circuits [12, 13] , while Protel was used for the design of the low frequency components. Surface Mounting elements technology is utilized.
The block diagram of the three-frequency radar is presented in Fig. 3 . The detected signals are amplified at each receiving channel after the down conversion. Then they are filtered and fed into a bank of A/D Converters, installed on the portable computer. This is operated as a signal processing and interface unit.
ADC42 of Pico Logic was used as A/D converter for our application, with the following characteristics given in Table 2 .
In Fig. 4 a photograph of the X-band radar system (Sozon I) is presented. From right to the left the main part of the receiver and the transmitter plugged on the upper part of the antenna, the PC with the A/D converter and the baseband unit of the radar can be seen. Figure 4 . Photograph of the X-band radar system.
In Fig. 5 a picture of the three-frequency system (SOZON II) is presented. The inner view of this detector can be seen at the upperright and lower-left corners. The portable PC and the antennas of this system can also be seen in this figure.
TEST RESULTS OF X-BAND (SOZON I) AND THREE-BAND (SOZON II) RADAR SYSTEM
Introduction
In order to assess the performance of the Life Detector System extensive tests were carried out at sites with characteristics as close as possible to those of collapsed buildings. The procedure used was placing the antennae of the system on the surface of an iron-loaded concrete slab (found either in building sites or in test sites) and the laptop approximately 10 meters away, to avoid detecting the operators of the system. Then measurements were taken, first without anyone under the concrete slab and then with a person lying under the slab. The sampling settings were 128 samples in 3 seconds (sampling frequency 42.67 sps). In cases where a more detailed waveform had to be acquired, 256 samples were taken in a period of 5 or 10 seconds. Setting the total sampling time to a high value allowed a better view of the lower frequencies, which are the most interesting for this system. The measurements were compared on site but also saved for further investigation.
Measurements Using the Initial Radar SOZON I
The most distinguishing feature of detecting living human presence is the prevailing low frequency components in the range of 0.5 to 5 Hz, persisting across measurements, as shown in Fig. 6 . In addition to the time dependence of the detected signals, the FFT dependence to the Doppler shift frequencies is shown in Fig. 6 . On the other hand, an irregular spectrum covering the entire bandwidth is observed in the absence of the human target as displayed in Fig. 7 .
The maximum value of the magnitude, the frequency at which the maximum amplitude is observed, and the maximum frequency according to the sampling settings and the Nyquist theorem are extra data displayed, as shown in Figs. 6 and 7.
When the person is moving under the rubble, both the signal and the spectrum become irregular. In such cases a signal amplitude indicator is included in the interface, making it much easier for the user to judge whether the received signal is noise or a result of some movement.
Results from measurements are shown in Figures 6 and 7 . They apply to the first version of the radar, that utilized only the 10.25 GHz frequency. Apparently this one gives excellent accuracy, being able to detect even a totally still person from the beat of the heart alone. However, it has the major drawback of low penetration depth, since the shorter wavelength can only penetrate a thin concrete slab. This was the main reason to develop another enhanced version of the radar system that utilizes additional lower frequencies. 
Measurements Using the Improved SOZON II
In order to overcome the problem of the low penetration depth observed at the 10.25 GHz, the three-frequency radar was developed and a range of measurements was carried out with it. The lower frequency of 433 MHz showed a significant increase in penetration depth, as expected.
However it could only detect large-scale movements of the body, such as an intensive movement of a hand. Some very characteristic recordings of such measurements are presented in Figures 8 and 9 .
At the first row of the screenshots, the results coming from the X-band radar are presented, at the second row the results from the Pband, and finally at the third row the signal of 433 MHz. In any case there is the returned signal in time domain (on the left side), and also in frequency domain (on the right side). An indication of the strength of the received signal is also available to the radar operators from the indicator on the right edge of the time domain signal.
The screenshot of Fig. 8 depicts a case of a human lying under a slab of concrete of 30 cm thickness. All detection criteria are fulfilled, that is to say a sinusoidal signal waveform in time domain and frequency spectrum steadily concentrated below 5 Hz in the frequency domain. Moreover it is also worthy of remark that the amplitude indicator in all frequencies clearly indicated the increase of the amplitude of the signal in the presence of human. These visual aids allow the radar operators to draw the conclusion that there is a human breathing under the rubble.
In Fig. 9 , a case of uncertainty is depicted. This might be caused in case that either the trapped human does not lie exactly under the antennae of the radar system, or the man is totally unconscious resulting to a very slight chest movement, or even due to an external factor causing interference to our receiver. The results coming from the 2.45 GHz part though might lead to the conclusion of human existence. In such a case (which is the most usual case), the operators should make some additional measurements around this area, in order to draw a more definite and clear conclusion.
In real environment tests, electromagnetic waves must penetrate a relatively large depth of concrete, and then the echo signals reach the receiver significantly attenuated. The effect of movements in the surrounding space, collected by the side-lobes of the antennae can cause false alarms. A movement, like the one emanating from a working machine, creates certain frequency coefficients that can be easily filtered out. Random movements (e.g., leaves of the trees) are more difficult, since they tend to create an image similar with the noise overlapping the image of an existing trapped person. In order to overcome this problem, extra care should be taken in the antenna design (to reduce the side lobes), as well as in signal filtering during the measurement process.
DESCRIPTION OF THE ENHANCED VERSION OF LIFE DETECTOR RADAR SYSTEM (SOZON III)
Based on the measurement results of SOZON I and II, a new enhanced system has been designed and constructed, in order not only to overcome most of the drawbacks of the previous systems, but also to obtain a more convenient and user-friendly form.
The results from the measurements, presented in Section 6, indicate:
• The X-band radar system has an excellent spatial accuracy of detecting very slight movements of captured persons, with limited penetration depth, especially concerning materials, such as concrete.
• The system operating at 433 MHz shows a much higher penetration depth, but it could only detect large-scale movements of human body, such as an intensive movement of a hand.
Based on these conclusions, the last version of the radar system, SOZON III, was chosen to operate at the carrier frequency of 2.45 GHz. The frequency 2.45 GHz combines a relatively good penetration depth with a satisfactory high spatial resolution. However, for experimental and researching reasons the prototype system was designed and constructed with a sufficient bandwidth around the frequency 2.45 GHz, so that the user of the system will be able to "scan" a range of frequencies and "choose" the best operational frequency. Furthermore, depending on the propagation medium, the transmitted power can be easily chosen by the user, by switching the variable attenuator. The transmitted power of SOZON III is approximately 2 Watts. The block diagram is given in Fig. 10 . The main differences of SOZON III compared to the previous generation systems, as far as the RF parts are concerned, are the following:
1. A prototype microstrip rectangular patch antenna was designed and developed (making use of additional parasitic patches and a slotted ground plane for enhanced gain, approximately 10 dB @ 2.5 GHz, as well as a dielectric cover for protection from ground surface roughness) for both receiver and transmitter, [14] [15] [16] . A more elaborative description of this antenna is going to be presented in a follow up paper. 2. It is important to emphasize on the optimized antenna's radiation pattern, in the great majority of the materials (concrete, brick walls, various types of soil), in which the E/M wave might be propagated in real conditions. A more elaborative description of this antenna will take place in a follow-up paper. In the antenna design, simulations were carried out considering the existence of ground in the near-field of the antenna. Hence, the antenna performance was not drastically affected by the presence of the ground. 3. A low noise sensitive amplifier (LNA with N f = 2 dB @ 2.5 GHz), followed by one more RF amplifier was used, in order to amplify very weak signals (< −90 dBm). Due to the high gain of the LNA (45 dB), the noise figure of the entire system is approximated by the noise figure of the LNA, according to Eq. (7) [17] .
where N f is the noise figure of N networks in cascade, and N f 1 and G 1 is the noise figure and available gain, respectively, of the first network (in our case Low Noise Amplifier), N f 2 and G 2 are the similar parameters for the second network (in our case Band Pass Hairpin Filter) and so on. 4. A pair of limiter diodes was used as a power limiter, to protect the microwave mixer of the receiver from high-power signals, which might intrude the receiver and subsequently cause damage to the system.
The most important characteristics of this radar are presented in the following table: 
TEST RESULTS OF THE ENHANCED VERSION OF SOZON III
Introduction
In order to assess the performance of the enhanced Life Detector System (SOZON III) extensive tests were carried out at sites with characteristics as close as possible to those of collapsed buildings. The procedure followed was the same as the previous described (in Section 6, Subsection 6).
Measurements Carried out Using SOZON III
In the following Figures 11, 12 and 13 some screenshots from measurements carried out using the latest version of the system are presented. Again the criterion is the sinusoid time-domain waveform and the prevailing low frequency components in the range of 0.5 to 1 Hz. Figure 11 shows a case where the person behind the concrete slab (with thickness approximately 25 cm) is moving his entire body back and forth in the direction of the incident wave, thus resulting in maximum radial velocity. The frequency of this movement is higher than that of normal respiration, but the principle is the same.
This new system gave remarkable results in the case that no Equally remarkable is the case of a human standing perfectly still, as depicted in Fig. 13 . In this case the person was even holding his breath. The strength of the signal is close to the resolution of the A/D converter, as indicated by the quantization of the voltage levels. However the sinusoid waveform, which is the main detection criterion, can be easily discerned, as shown in time domain graph of the screenshot in Fig. 11 . The very low frequency component is emanated from the imperceptible movements of the human body, even when the person is perfectly still.
DISCUSSION ON THE TEST RESULTS
Introduction
In order to determine the extent of the system improvement in human detection under building ruins, it was considered essential to make some measurements using at the same time and under the same circumstances both the three-frequency and the 2.45 GHz Life Detector radar systems. Indeed, there was a comparison on the performance of the intermediate frequency of SOZON II and SOZON III.
After having tested the efficiency of the system, many measurements were carried out to assess the ability to detect trapped humans, in case that the antennae of the system were not located exactly directly above human target. Results are presented in the following.
Finally the effects of various building materials (e.g., bricks and concrete with different thicknesses) on the detection probability of the presented systems have been intensively investigated and presented in this section.
Effect of Antenna Location with Respect to the Trapped Person
In order for the system to be useful in real conditions, it is straightforward that the collapsed building surface has to be scanned effectively. This means that not only the trapped human beings must be detectable in a sufficient practical depth, but also that the total scan time must be kept as short as possible. The fundamental factor for determining the total scan time for an entire building is the distance by which the antennae can be moved to take the next measurement set. In case that this distance is too short, a lot of time will be needed to scan the entire building. In other words the whole system would be impractical for use.
Therefore it is evident that the antenna beams should be wide enough so that a larger area can be covered in one measurement. This minimizes the total time of measurements. This is a design tradeoff as a wider beam also means lower antenna gain, resulting in less penetration depth.
In Fig. 14 the measurement procedure is presented. The antennae of the system were placed on the upper floor of a building, while the man was either standing bend or lying on the lower floor, so that the radar could detect his/her heart and chest movement. This methodology was preferred because it seems to have many similarities compared to real condition measurements, where trapped human beings lying under building ruins should be detected. The thickness of the existing concrete was 20 cm to 40 cm. The distance H between the lowest part of the ceiling and the persons back, fluctuated between practically 0 centimeter (corresponding to the case that person's back was adjacent to the ceiling) and a maximum of up to 1.5 meter. Table 4 summarizes the detection criterion value versus antenna displacement from the center of the trapped human. The detection criterion is the one described in Section 4, Subsection 4.3. In the second and the third row of the Table 4 values of the detection criterion for SOZON II and SOZON III respectively are presented.
The first column, where displacement is 0, displays the average of the detection criterion value in case that the human is standing under a thin obstacle directly below the antenna. In every case, the value of the criterion deteriorates as the distance increases, regardless of the material media, the thickness of this material D and the distance H.
For the results presented in Table 4 , the concrete thickness D of the ceiling used throughout the testing procedure was approximately 25 cm, while the value of H was approximately 5 cm. The person who was standing under the concrete slab was totally still, in order to test the limits of both systems. If either the value of the concrete thickness D, or the value of the distance H increased, the result was a respective decrease of the detection criterion for both systems.
As shown in Table 4 , the detection criterion value for SOZON III is 0.9 (90%) whereas for SOZON II is 0.78 (78%), in the case that the antenna is directly above the person. On the other hand for displacements greater than 0 m, it is apparent that the detection criterion is better for SOZON II than for SOZON III. This is due to the differences in the characteristics of the antenna's radiation pattern between the two antennae used.
It is also remarkable that in the last case, which corresponds to the maximum displacement (approximately 0.75 m), none of the systems could provide a trustworthy decision for the existence of still persons. In case of SOZON III the same conclusion applies even for displacements higher than 0.4 m. This is because this value is only slightly above the observed value in the absence of a human. Therefore a decision about the presence of human is no more straightforward, as in the first case.
Detection Probability for Various Material Media
Finally it was considered essential to follow a similar procedure described in the previous subsection, for various types of materials existing between the antennae and the trapped person. Additionally the system was tested with different values of material thickness, aiming not only to confirm the theoretical and experimental results (presented in Section 3) but also to test the limits of the presented radar systems. The systems were tested making use of plastic furred wall, brick wall, insulated wall with double row of bricks, and of course concrete slabs with increasing thickness, as shown in Table 5 . The triple frequency radar system (SOZON II) gave satisfactory results in all the aforementioned cases including concrete slabs with thickness less than 30 cm. For higher values of concrete thickness a decrease in reliability, as well as a greater difficulty of drawing conclusions started to appear in both signal purity and the detection probability. Finally for values of concrete thickness greater than 40 cm it was impossible to detect the human motion. In the following Table 5 the average value of detection probability is presented for all the above cases. (in case of concrete slabs seven cases were discerned).
The enhanced radar system gave satisfactory results even in harder conditions, where the thickness of concrete slab exceeded 35 cm and the person who was standing under the slab remained perfectly still. This is due to the optimized redesign of 2.45 GHz radar system and especially the additional use of both the Low Noise Amplifier (LNA) and the RF amplifier, in the RF section of the receiver.
It is essential to mention again that the value of the detection criterion in case of a human absence was around 0.60 (lower values mean absence, higher mean presence). Thus, in all the cases that the detection criterion value is near 0.60 are cases of ambiguity. Table 6 provides a summary of the typical values of the penetration depth for the various systems. Detection depth symbolizes not the penetration depth of the E/M waves, as defined in Eq. (6) , but the width of concrete between the trapped person and the antenna of the system for which results are reliable. 
Effect of Environmental Factors on the Measurements
The final comparative measurements of the described systems concerned their effectiveness in detecting trapped human beings in noisy environments, and especially in case of moving persons close to the point of measurements. As it is mentioned in Section 6.3, the effect of human motions on the measurements of SOZON II was the main disadvantage of this system. In order to eliminate this drawback, the corner-reflector antennae of SOZON II were substituted with the prototype patch-antennae (described in Section 7) in the new enhanced radar system. This change played a catalytic role to system improvement since environmental motions around the point of measurements (e.g., human movements, or the motion of the tree branches, etc.) do not significantly affect the efficiency of SOZON III, compared to the previous system SOZON II.
CONCLUSIONS
The use of three independent radar sensors provides a significant improvement of detection probability and at the same time reduces the possibility of false alarm. This is due to the correlation of the output data carried out by the user. Additionally the three-band system allowed the evaluation of the suitability of the various bands for such an application. The most promising frequency proved to be 2.45 GHz, or even slightly lower than that, but well above the 433 MHz. Thus, the latest version of the Life Detector Radar operating at 2.45 GHz was designed and constructed. The test results clearly indicated an improved system performance in detecting trapped human beings under building ruins. The effect of deteriorating environmental factors was eliminated since the new antenna design has very low leakage due to sidelobes. At the same time weaker signals could be detected and processed, due to the optimized design and construction of the electronic parts of the radar.
In order to achieve simplicity, portability and cost issues the new enhanced version of the Life Detector Radar System makes use of just one frequency 2.45 GHz. This frequency band is free for use by commercial applications, so we expect a minimum interference with other devices during our tests. More experiments are being conducted in the 1.8 GHz to 2.4 GHz range for designating the most suitable frequency, in order to further improve the performance of the system. After a thorough examination of the experimental results it is highly likely to change the operational frequency of the Life Detector system in the optimal range mentioned above.
It is essential to mention that all the systems developed make use of an homodyne topology, employed due to the requirements for low-cost application, as well as for simplicity and reliability reasons. However, heterodyne signal reception could also be utilized to improve the clutter rejection and achieve better sensitivity in a future enhanced version of the Life Detector System.
Another point worth of further research is the signal-processing algorithm. The detection criterion was derived purely from practical use, and would benefit greatly from a more thorough research. 
Bimpas Matthaios was born in Athens on
